We report the discovery of four transiting hot Jupiters, WASP-147, WASP-160B, WASP-164 and WASP-165 from the WASP survey. WASP-147b is a near Saturn-mass (M P = 0.28M J ) object with a radius of 1.11 R J orbiting a G4 star with a period of 4.6 d. WASP-160Bb has a mass and radius (M p = 0.28 M J , R p = 1.09 R J ) near-identical to WASP-147b, but is less irradiated, orbiting a metal-rich K0 star with a period of 3.8 d. WASP-160B is part of a near equal-mass visual binary with an on-sky separation of 28.5 arcsec. WASP-164b is a more massive (M P = 2.13 M J , R p = 1.13 R J ) hot Jupiter, orbiting a G2 star on a close-in (P = 1.8 d), but tidally stable orbit. WASP-165b is a classical (M p = 0.66 M J , R P = 1.26 R J ) hot Jupiter in a 3.5 d period orbit around a metal-rich star. WASP-160B and WASP-165 are two of the most metal-rich stars ([Fe/H] * = 0.389 ± 0.080 and 0.33 ± 0.13, respectively) known to host a transiting hot Jupiter. WASP-147b and WASP-160Bb are promising targets for atmospheric characterization through transmission spectroscopy, while WASP-164b presents a good target for emission spectroscopy.
INTRODUCTION
Transiting exoplanets are invaluable objects for study. Not only are both, their masses and radii known, but also their transiting configuration opens up a wide range of characterization avenues. We may study the atmospheres of these objects through their transmission and emission spectra (Seager & Sasselov 2000; Charbonneau et al. 2002 Charbonneau et al. , 2005 , but also measure their orbital alignment (Queloz et al. 2000) ; see Triaud (2017) for a summary. While over 2700 transiting E-mail: monika.lendl@oeaw.ac.at planets are known to date 1 , only a fraction of these objects are suitable for detailed characterization, as this requires the planet host to be bright and the star/planet size ratio to be favorable.
Ground based transit surveys (e.g. WASP, Pollacco et al. 2006; HAT, Bakos et al. 2004; KELT, Pepper et al. 2007; and MASCARA,Talens et al. 2017 ) use small-aperture instrumentation to monitor vast numbers of bright stars across nearly the entire sky, sensitive to the ∼ 1% dips created by transits of close-in giant planets. These hot Jupiters are prime targets for further characterization thanks to their large radii, frequent transits and extended atmospheres. Indeed, ground-based transit surveys have provided some of the most intensely studied planets to date (e.g. WASP-12b, Hebb et al. 2009; WASP-43b, Hellier et al. 2011 and HAT-P-11b, Bakos et al. 2010) .
In this paper, we report the discovery of four additional close-in transiting gas giants by WASP-South, the two Saturn-mass planets WASP-147b and WASP-160Bb, and the two hot Jupiters WASP-164b and WASP-165b. We discuss the observations leading to these discoveries in Section 2, describe their host stars in Section 3 and discuss the individual planetary systems and their place among the known planet population in Section 4 before concluding in Section 5.
OBSERVATIONS
WASP-147 (2MASS 23564597-2209113), WASP-160B (2MASS 05504305-2737233), WASP-164 (2MASS 22592962-6026519) and WASP-165 (2MASS 23501932-1704392) were monitored with the WASP-South facility throughout several years between 2006 and 2013. In the case of WASP-160B, the target flux was blended with that of another object (2MASS 05504470-2737050, revealing to be physically associated, see below) in the WASP aperture. The WASP-South instrument consists of an array of 8 cameras equipped with 200mm f/8 Canon lenses on a single mount and is located at SAAO (South Africa). For details on observing strategy, data reduction and target selection, please refer to Pollacco et al. (2006) and Collier Cameron et al. (2007) . Using the algorithms described by Collier Cameron et al. (2006) , we identified periodic flux drops compatible with transits of close-in giant planets in the light curves of these four objects. We thus triggered spectroscopic and photometric follow-up observations to determine the nature of the observed dimmings.
Follow-up spectroscopy
We obtained spectroscopic observations of all four objects using the CORALIE echelle spectrograph at the 1.2m EulerSwiss telescope at La Silla. From the spectra, we computed radial velocities (RVs) using the weighted cross-correlation method (Baranne et al. 1996; Pepe et al. 2002) . In 2014, the CORALIE spectrograph was upgraded by replacing circular with octagonal fibers, leading to a shift in RV zero point between observations obtained before and after the exchange. WASP-160B, 164 and 165 were observed only after the upgrade, resulting in a single homogeneous set of RVs for each object. WASP-147 was observed before and after the upgrade, making it necessary to include these observations as two separate data sets in our analysis. For each of the four objects in question, RV variations confirmed the presence of a planet orbiting at the period of the observed transits (see Figs. 1 -4 ). To exclude stellar activity as the origin of the observed RV variations, we verified that bisector spans and RVs are uncorrelated (Queloz et al. 2001; Pearson coefficients are -0.19, -0.16, -0.24 and 0.06 for WASP-147, 160, 164 and 165, respectively) . This is illustrated in Fig. 5 , where we plot bisector spans against RVs. As both stellar components of the WASP-160AB system fell into the same WASP-South aperture, we could not a-priori exclude either of them as the origin of the observed transits. We thus obtained several spectra of WASP-160A, showing no evidence of any largeamplitude RV variability (see Fig. 6 ).
Follow-up photometry
We obtained several high-precision transit light curves for each of our targets to obtain an improved measurement of the transit shape and depth. The facilities we used for this purpose were EulerCam at the 1.2m Euler-Swiss telescope (Lendl et al. 2012) , the 0.6m TRAPPIST-South telescope (Gillon et al. 2011; Jehin et al. 2011) , and the SAAO 1.0m telescope. In all cases, we extracted light curves of the transit events using relative aperture photometry, while iteratively selecting reference stars and aperture sizes to minimize the final light curve RMS. Having an on-sky separation of 28.478948 ± 2.5 × 10 −5 arcsec, both stellar components of the WASP-160 system were well-separated in these observations, confirming the fainter star, WASP-160B as the origin of the transit feature. Details on all photometric follow-up observations are listed in Table 1 . The resulting light curves are shown in Figs. 1-4.
STELLAR PARAMETERS

Spectral analysis
The individual CORALIE spectra for each star were coadded in order to provide a spectrum for analysis. Using methods similar to those described by Doyle et al. (2013) , for each star we determined the effective temperature (T eff ), surface gravity (log g), stellar metallicity ([Fe/H]), and projected stellar rotational velocity (v rot sin i * ). In determining v rot sin i * we assumed a macroturbulent velocity using the calibration given by (Doyle et al. 2014) . For WASP-160B and WASP-165 the v rot sin i * values are consistent with zero and that of WASP-147 is close to an upper limit. If, however, a zero macroturbulent velocity is used, we obtain v rot sin i * values of 3.1 ± 0.5, 0.7 ± 0.6 and 2.8 ± 0.6 km s −1 for WASP-147, WASP-160B and WASP-165, respectively.
The parameters for WASP-164 are relatively poorly determined, as the signal-to-noise ratio of the merged spectrum for WASP-164 is very low ( < ∼ 20:1). The v rot sin i * is consistent with zero, but very poorly determined and the Lithium 670.8 nm line might be present, but we cannot be sure due to the quality of the spectrum.
Rotation periods
The WASP light curves of WASP-164 show a quasi-periodic modulation with an amplitude of about 0.6 per cent and a period of about 18 days. We assume this is due to the combination of the star's rotation and magnetic activity, i.e., star spots. We used the sine-wave fitting method described in Maxted et al. (2011) to refine this estimate of the amplitude and period of the modulation. Variability due to star spots is not expected to be coherent on long timescales as a consequence of the finite lifetime of star-spots and differential rotation in the photosphere so we analyzed each season of data for WASP-164 separately. We also analyze the data from each camera used to observe WASP-164 separately so that we can assess the reliability of the results. We removed the transit signal from the data prior to calculating the periodograms by subtracting a simple transit model from the light curve. We calculated periodograms over 8192 uniformly spaced frequencies from 0 to 1.5 cycles/day. The false alarm probability (FAP) is calculated using a boot-strap Monte Carlo method also described in Maxted et al. (2011) . The results are given in Table 3 and the periodograms and light curves for are shown in Fig. 7 . There is a clear signal near 17.8 days in 4 out of 5 data sets, from which we obtain a value for the rotation period of P rot = 17.81 ± 0.03 d. This rotation period together with our estimate the stellar radius implies a value of V rot sin I = 2.6 ± 0.2 km s −1 , assuming that the rotation axis of the star is approximately aligned with the orbital axis of the planet. This is consistent with the low value for v rot sin i we obtain from our analysis of the spectroscopy of WASP-164. We used a least-squares fit of a sinusoidal function and its first harmonic to model the rotational modulation in the light curves for each camera and season with the rotation period fixed at P rot = 17.81 d.
For WASP-147, WASP-160B and WASP-165 a similar analysis leads to upper limits of 1.2 millimagnitudes, 2.9 millimagnitudes and 1.2 millimagnitudes with 95 per cent confidence for the amplitude of any sinusoidal signal over the same frequency range, respectively.
Stellar evolution modeling
In order to estimate stellar parameters, we considered T eff , [Fe/H], log g and v sin i inferred from spectral analysis (see Sec. 3.1), the mean stellar density ρ inferred from the transit light curve (see Sec. 4.1) and magnitude G, color index G BP −G RP and distance d reported by Gaia DR2 (Gaia Collaboration et al. 2018 ). We analyzed WASP-147 and WASP-160B using the set G, G BP − G RP , d, [Fe/H], log g, ρ and v sin i as input parameters. For WASP-164 and WASP-165, we adopted the same input set, but replaced the color index by the spectroscopic temperature as it is more precisely known than that inferred from the Gaia colors. We recovered the main stellar parameters such as age, mass and radius according to theoretical models. We considered the grids of evolutionary tracks and isochrones computed by PAR-SEC 2 (version 1.2S; see Bressan et al. (2012) ; Chen et al. (2014) and references therein).
The interpolation of the input data in the theoretical grids to retrieve the output parameters has been done according to the isochrone placement technique described in Bonfanti et al. (2015 Bonfanti et al. ( , 2016 . Here we briefly recall that the algorithm makes a comparison between observations and theoretical isochrones and select those theoretical data which match the observations best. In particular, for each star:
• multiple grids of isochrones spanning the input metal- Parameters from spectral analysis
5700 ± 100 5300 ± 100 5800 ± 200 5600 ± 150
Parameters from stellar evolutionary models Table 3 . Periodogram analysis of the WASP light curves for WASP-164. Observing dates are JD-2450000, N is the number of observations used in the analysis, a is the semi-amplitude of the best-fit sine wave at the period P found in the periodogram with false-alarm probability FAP. • isochrones have been filtered through a 2-dimensional Gaussian window function whose σ 1 = ∆T eff , σ 2 = ∆ log L;
Camera Dates
• isochrones have been weighted evaluating the stellar evolutionary speed in the HR diagram and considering the similarity between theoretical and observational parameters;
• the gyrochronological relation by Barnes (2010) has been used to set a conservative age lower limit to discard unlikely very young isochrones;
• element diffusion has been taken into account.
Uncertainties given by the code are simply internal, i.e. they are related to the interpolation scheme in use. Realistic uncertainties to be attributed to stellar parameters should take also theoretical model uncertainties into account. By comparing the results with two independent evolutionary models (namely PARSEC and CLES 3 , Scuflaire et al. 2008) , we find that systematics due to models can be estimated to be ∼ 2%. In addition, helium content Y influences theoretical models, but its quantity cannot be estimated from spectroscopy (at least in the case of solar-like stars). Given the uncertainty on Y , a further ∼ 5% should be added to the error budget. Fig. 8 shows the placement of the planet hosts in the HR diagram.
We also used the open source software bagemass 4 to calculate the posterior mass distribution for each star using the Bayesian method described by Maxted et al. (2015) . The models used in bagemass were calculated using the garstec stellar evolution code (Weiss & Schlattl 2008) using as input the spectroscopically-derived T eff and [Fe/H] as well as the transit-derived ρ * and orbital Period. The mass and age of the stars found are shown in Table 4 mass favors a slightly younger age and higher mass. This is due to the input selection of bagemass that includes the spectroscopically-determined stellar effective temperature instead of the Gaia color index.
The WASP-160 binary
Due to the low resolution of the WASP instrument, photometry of WASP-160B was blended with a second, slightly 
Wasp-147
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Wasp-164 Wasp-165 Figure 5 . Bisector spans against RV of our targets. The RVs have been corrected for the systemic velocities given in Table 6 . brighter, source. While exploratory RV observations and transit follow-up quickly identified the origin of the transit the to be the fainter star, we found that both objects possess near-identical systemic RVs, pointing towards them being physically associated. This is confirmed by consistent Gaia proper motion and parallax values for both objects. To derive the properties of WASP-160A, we retrieved the stellar properties from a spectral analysis and stellar evolution models as described in Section 3.1 and 3.3. For the stellar evolution models, we used Gaia values for G, G BP − G RP and d, and results from our spectroscopic analysis for [Fe/H], log g, and v sin i as inputs. As we have not detected any transiting planet around WASP-160A, no transit-derived value for ρ was available. Our handful of RV measurements of WASP-160A are stable within ∼40 m s −1 . We summarize the properties of WASP-160A and the WASP-160A+B binary in Table 5 . Both stars appear to have similar masses and early K spectral types and their projected separation of 28.478948 ± 2.5 × 10 −5 arcsec translates into a physical distance of 8060±101 au. Even though we would expect the two object to be coeval, we find a slightly older age for WASP-160A from evolutionary models. While this reinforces the older age estimate for WASP-160A, the discrepancy found Table 3 . in our analysis between objects A and B is likely an artifact of the very limited available data on WASP-160A.
SYSTEM PARAMETERS
Modeling approach
We carried out a global analysis of all follow-up photometry and RVs for each planetary system using the Markov Chain Monte Carlo (MCMC) framework described by Gillon, M. et al. (2012) . In short, our model consists of a Keplerian for the RVs and the prescription of Mandel & Agol (2002) for transit light curves. Next to the fitted ("jump") parameters listed in Table 6 , the code allows for the inclusion of parametric baseline models in the form of polynomials (up to 4th order) when fitting transit light curves. We tested
Wasp-147
Wasp-164 Wasp-165 a wide range of baseline models, including dependencies on time, airmass, stellar FWHM, coordinate shifts and sky background, and finally selected the appropriate solution for each light curve via Bayes factor comparison (e.g. Schwarz 1978) . The best baseline models are listed in Table 1 . For all objects, we tested for a non-zero eccentricity by running two sets of global analyses: one while fixing the eccentricity to zero and one fitting for it by including √ e sin ω and √ e cos ω as jump parameters. We found no significant evidence for a non-circular orbit for any of our targets.
To estimate excess noise, we calculated the β r and β w (Winn et al. 2008; Gillon et al. 2010) factors that compare the rms of the binned and unbinned residuals and multiplied our error bars by their product before deriving the final parameter values. We find no excess "jitter" noise in the RVs and thus do not adapt the RV errors. We adopted a quadratic stellar limb-darkening law using coefficients interpolated from the tables by Claret & Bloemen (2011) . To use the most appropriate input stellar parameters, we use the information extracted from the stellar spectra, paired with the Gaia DR2 (Gaia Collaboration et al. 2018) data as described in Section 3. After carrying out an initial analysis to measure transit-based stellar mean densities needed to constrain the evolutionary models, we placed normal priors on M * , [Fe/H] * and T eff centered on the values inferred in Section 3, with a width of the quoted 1 − σ uncertainties. The four objects under study are revealed to be gas giants, two of them being classical hot Jupiters, while two have masses near that of Saturn.
WASP-147
WASP-147b is a Saturn-mass (M = 0.27M J ) planet orbiting a G4 star with a period of 4.6 days. The system appears to Table 5 . Properties of WASP-160A and the WASP-160A+B binary a assuming a macroturbulence of 2.43km s −1 from Doyle et al. (2014) . b from stellar evolutionary models, c From Gaia DR2 and CORALIE, d corrected using Stassun & Torres (2018 13.452 ± 0.04
12.677 ± 0.02 2MASS J [mag] 11.300 ± 0.026
10.937 ± 0.024
10.831 ± 0.019
12.9 GAIA G RP [mag] 11.9 Spectral Type K0V T eff [K] 5300 ± 150 log g [cgs] 4.5 ± 0.2
0.89 ± 0.07 be old, with the 1.04 M host having started to evolve off the main sequence. Stellar evolutionary modeling places the star's age at 8.5 ± 0.8 Gyr, and its old age is corroborated by a low Lithium abundance that is in accordance with measurements for stars aged 2 Gyrs or more (Sestito & Randich 2005) and the absence of activity indicators such as excess RV stellar noise and rotational variability. The planet is one of the more strongly irradiated planets of its mass range. Considering the mass -incident flux plane shown in Fig. 9 , WASP-147b is located near the inner tip of the triangular sub-Saturn desert (Mazeh et al. 2005; Szabó & Kiss 2011; Mazeh et al. 2016 ), which appears to be created by erosion of planetary atmospheres due to stellar irradiation (Baraffe et al. 2006; Lammer et al. 2003) . Being a low-mass, lowdensity planet, WASP-147b is a good target for transmission spectroscopy. One atmospheric scale height translates to a predicted change in the transit depth of 249 ppm, well within the precision of ground-and space-based transmission spectra (e.g. Kreidberg et al. 2015; Sing et al. 2016; Lendl et al. 2017; Sedaghati et al. 2017 ).
WASP-160B
Similar to WASP-147b, WASP-160Bb is also a near Saturnmass (M p = 0.28M J ) object, however this planet orbits a cooler K0V star in a wide (28.5 arcsec) near equal-mass binary with a period of 3.8 days. Again, the stellar age is estimated to be approximately 8 Gyrs from evolutionary models, and a non-detection of Lithium supports the object's old age. In contrast to WASP-147, the later-type WASP-160B still resides firmly on the main sequence. Both planets share near-identical mass and radius, however WASP-160b orbits one of the most metal-rich stars ([Fe/H] = 0.39 ± 0.08) known to host a transiting planet, while WASP-147's metallicity is near-Solar. WASP-160Bb receives less stellar irradiation than the bulk of hot Jupiters (see Fig. 9 ), which translates to a moderate equilibrium temperature of 1100 K. Prospects for studying this object's atmospheric transmission spectrum are excellent, as one atmospheric scale height translates to a radius variation of 338 ppm. To date, the only hot Jupiter orbiting a more metal-rich host with a characterized transmission spectrum is XO-2 (Burke et al. 2007; Sing et al. 2011) , for which both Na and K have been detected.
WASP-164
WASP-164b is a massive (M p = 1.13M J ) planet on a closein orbit around a G2V star. Owing to the limited S/N of the follow-up spectra obtained, the stellar properties are somewhat more uncertain than for the other objects presented here. However, rotational modulation with a period of 17.81 ± 0.03 days seen in the survey light curve indicates a relatively young age of 2.3 +1 −0.5
Gyr and evolutionary models confirm the star being located on the main sequence. The planet is rather massive compared to the bulk of hot Jupiters and orbits its host star with a short orbital period of 1.78 days at a separation of 2.74 times its Roche limit. This is consistent with expectations from high-eccentricity migration mechanisms (Ford & Rasio 2006) . Being rather massive and close-in, the planet may be further undergoing orbital decay through tidal dissipation (e.g. Rasio et al. 1996; Levrard et al. 2009; Matsumura et al. 2010) . Using a value of log Q s = 8.26 ± 0.14 (Collier Cameron & Jardine 2018), we find a remaining lifetime of 13.0 ± 4.6 Gyr. The planetary orbit is thus not expected to shrink drastically due to tidal dissipation over the star's main-sequence lifetime. The planet's close-in orbital period is however advantageous for the object's atmospheric characterization. Indeed, WASP164b makes for a promising target for characterization via emission spectroscopy, with a predicted occultation depth in H band between 450 ppm (full redistribution) and 1125 ppm (immediate reradiation).
WASP-165
WASP-165b is a classical hot Jupiter. With an orbital period of 3.4 days, it lies near the peak of the hot Jupiter period distribution while its mass (M P = 0.66M J ) and radius (R P = 1.26R J ) are typical for this class of planet (see Fig. 9 ). With respect to planetary mass, radius and period, WASP165b is near-identical to the extremely well-studied object HD 209458b (Mazeh et al. 2000; Charbonneau et al. 2000; Henry et al. 2000) , however WASP-165b is more strongly Eccentricity, e 0 (< 0.19 at 1σ) 0 (< 0.22 at 1σ) 0 (< 0.09 at 1σ) 0 (< 0.14 at 1σ) Stellar radius, R irradiated as its M * = 1.25M G6 host has started evolving off the main sequence. The system's age estimate from evolutionary models is 4.8 ± 1 Gyr, albeit the object's Lithium abundance suggests a slightly younger age of 0.5 − 2 Gyr. This discrepancy is most likely due to the limited S/N of our spectra. We consider the age estimate from evolutionary models as more accurate, as these contain the stellar mean density inferred from the high-precision follow-up light curves. As WASP-160B, also WASP-165 has a remarkably high metallicity of [Fe/H] = 0.33 ± 0.13.
SUMMARY
We present the discovery of four transiting hot Jupiters by WASP-South. WASP-147b and WASP-160Bb are Saturnmass planets with near-identical radii but contrasting stellar metallicities and planetary equilibrium temperatures: the 1400 K WASP-147b orbits a Solar-metallicity G4 star, while the 1100 K WASP-160Bb orbits a metal-rich K0 star in a near equal-mass binary. Both objects are promising targets for atmospheric characterization via transmission spectroscopy. WASP-164b is a massive (2.1 M J ) planet on a short (1.8 d) orbital period, and a potential target for emission spectroscopy. Finally, WASP-165b is a classical hot Jupiter orbiting a metal-rich host.
